Background/Aims: This paper aims to explore the effects of pyruvate kinase (PK) M2 gene silencing on the proliferation and apoptosis of colorectal cancer (CRC) LS-147T and SW620 cells. Methods: CRC LS-147T and SW620 cells highly expressing PKM2 were randomly selected by quantitative real-time polymerase chain reaction (qRT-PCR) and then assigned into the blank (no transfection), PKM2-shRNA (transfection with shRNA) and empty plasmid (transfection with empty plasmid) groups. Immunofluorescence was applied to detect PKM2 protein expression. qRT-PCR and Western blotting were conducted to assess mRNA and protein expression of PKM2, p53 and p21. The cell counting kit-8 (CCK-8) assay was used to assess cell proliferation. Flow cytometry was used to assess the cell cycle and apoptosis rate, and a senescence-associated β-galactosidase staining kit was used to assess cell senescence. Results: PKM2 exhibited high mRNA expression among CRC LS-147T and SW620 cells with remarkable protein expression noted in the cytoplasm and nucleus. The PKM2-shRNA group exhibited reduced PKM2 mRNA and protein expression, whereas p53 and p21 expression was increased compared with the blank and empty plasmid groups. Cell proliferation in PKM2-shRNA cells decreased significantly compared with the blank group and empty plasmid groups. The PKM2-shRNA group exhibited more cells in the G 1 phase and fewer cells in the G 2 /M phase compared with the blank and empty plasmid groups. In addition, the PKM2-shRNA group exhibited significantly increased apoptosis rates andβ-galactosidase activity compared with the blank and empty plasmid groups. Conclusion: Our study demonstrates that PKM2 gene silencing suppresses proliferation and promotes apoptosis in LS-147T and SW620 cells.
Introduction
Colorectal carcinoma (CRC), also known as rectal carcinoma and including colon cancer and colorectal cancer, is a prevalent gastrointestinal malignant tumor [1] . CRC presents critical threats to human health, as it is the second-most diagnosed among female malignant tumors and third-most among males [2] . Modern medicine revealed that CRC occurs in the large intestine mucosal epithelium and is initiated by diverse carcinogens as well as genetic and environmental factors [3] . Early diagnosis of CRC is highly curative (90% cure rate), whereas the 5-year survival rate of progressive CRC (metastasis occurring) remains less than 10%, resulting from the fact that CRC has occult pathogenesis in early stages and is typically diagnosed in the progression stage, which poses difficulties for therapy [4, 5] . Although surgery is the preferred CRC treatment, statistics indicate that the 5-year survival rate of the postoperative period remained only approximately 50%, and the 30-d mortality following surgery reached 3% to 10% [6] . Additionally, patients in various stages of treatments typically exhibited varied symptoms, such as cancer-related fatigue (CRF) induced by the disease itself and the therapeutic regimen [7] . With an increasing number of further explorations of CRC pathogenesis, pyruvate kinase M2 (PKM2), which promotes tumor cell proliferation and migration, has increasingly become the focus of multiple malignant tumor studies [8] , and an increasing number of researchers began to perform specific PKM2 carcinogenesis investigations to improve CRC treatments.
Pyruvate kinase (PK), which is a key enzyme in glycolysis, catalyzes phosphoenolpyruvate into pyruvate and releases energy [9] . There are 4 subtypes of PK, including PKL, PKR, PKM1 and PKM2 (splice variant of PKM1) [10] . Among them, human PKM2 is expressed in fetal tissues and is gradually replaced by another three isoenzymes after birth. Moreover, PKM2 exhibits high expression in tumor tissues and plays important roles in growth, proliferation and the migration of tumor cells [11] . Furthermore, PKM2 is associated with numerous neoplastic diseases, such as human glioblastoma [12] , prostate cancer [13] , breast cancer [14] and cholangiocarcinoma [15] , whereas its definite pathogenesis remains unclear. RNA interference (RNA) triggered by double-stranded RNA is characterized by precise sequence specificity and efficiency, and RNA therapy is evolving as a promising player in the battle against cancer, given its post-transcriptional gene silencing ability [16] . Dysregulated metabolic pathways, which are common in different cancer cells, are one of the significant hallmarks of cancer [17] . Increased miR-144 suppresses proliferation and improves apoptosis and autophagy in lung cancer cell lines (H460 and A549 cells) [18] . Therefore, RNA gene silencing was introduced in this article to establish a PKM2-silencing system in CRC LS-147T and SW620 cell lines and analyze its effect on LS-147T and SW620 cell apoptosis and proliferation. We sought to assess whether PMK2 can be considered a marker and clinical therapeutic target for the early diagnosis of CRC.
Materials and Methods

Cell Culture
Human CRC LS-147T, HT29, DLD1, HCT116, SW620 and SW480 cell lines (provided by the Molecular Biology Laboratory of Shandong University, Shandong, China) were inoculated in RPMI 1640 medium (Solarbio, Shanghai, China) containing 10% fetal bovine serum (FBS) (Solarbio, Shanghai, China). Cells were cultured in a 37°C sterile incubator with 5% CO 2 . Cell passage was conducted with 0.25% trypsin digestion (Solarbio, Shanghai, China) when cells were completely adherent to the culture flask. Cells in the logarithmic phase were collected for subsequent experiments.
Quantitative Real-time Polymerase Chain Reaction (qRT-PCR)
The total RNA was extracted using a kit (Solarbio, Shanghai, China), and then the OD260/280 of the RNA sample was detected by ultraviolet spectrophotometery. In addition, the RNA concentration was measured. The sample was then stored at -80°C for further use. Based on the Genebank data for primer sequences, Primer 5.0 software was used for PKM2 primer sequences (Invitrogen Inc., Shanghai, China) ( Table 1) . Reverse transcription was conducted following the instructions of Reverse Transcription System A3500 (Promega Corporation, Madison, WI, USA). Reaction conditions were as follows: initial denaturation at 95°C for 3 min; 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 1 min; and finally 72°C for 5 min. The reaction system contained 12.5 μL of Premix Ex Taq or SYBRThe 2 -△△Ct method was employed to assess PKM2 mRNA expression with a multiplication rate equal to the relative expression of the target gene with △Ct = Ct target gene -Ct internal reference gene [19] . This method was also adapted for the expression of PKM2, p53 and p21 after transfection.
Construction of the PKM2 shRNA Lentivirus
According to Invitrogen, the PKM2 shRNA sequence was 5 '-CATCTACCACTTGCAATTA-3', and double-stranded DNA (shRNA) was synthesized (Invitrogen Inc., Carlsbad, CA, USA). The shRNA was recombined into the lentivirus plasmid pGIPZ (Molecular Biology Laboratory of Shandong University, Shandong, China), and competent DH5α cells (Solarbio, Shanghai, China) were transformed. Targeted cells were selected for recombinant cloning and identified by PCR with sequencing verification. Recombinant plasmids from the correctly sequenced cells were extracted, and calcium phosphate was used to package 293T cells provided by the molecular biology laboratory of Shandong University (Shandong, China). Viral supernatant was collected after 48 h. Microporous membrane filtration and ultracentrifugation were successively performed, and the virus precipitation was resuspended in ice-cold phosphate buffered saline (PBS). The acquired shRNA lentivirus particles of PKM2 were referred to as PKM2-shRNA.
Cell Grouping and Transfection
LS-147T and SW620 cells in logarithmic phase were selected and cultured in 6-well plates, and transfection was prepared when cell fusion reached 70%. Both cells were grouped into blank (no transfection), PKM2-shRNA (transfection with shRNA) and empty plasmid (transfection with empty plasmid) groups, and PKM2-shRNA and PKM2-NC viruses were added to the PKM2-shRNA and empty plasmid groups with the addition of 8 μg/mL polybrene (Solarbio, Shanghai, China). Meanwhile, an equal volume of medium was added to the blank group. Fresh medium was the substitute when cells were cultured for 24 h, and green fluorescent protein (GFP) expression at 48 h was observed using a microscope. After the medium was changed, LS-147T-PKM2-shRNA, LS-147T-PKM2-NC SW620-PKM2-shRNA and SW620-PKM2-NC cells were obtained.
Immunofluorescence LS-147T and SW620 cells in logarithmic phase were inoculated in 24-well plates with slides, and 4% paraformaldehyde (Solarbio, Shanghai, China) was added to immobilize cells for 10 min when cell fusion achieved 90%. Blocking solution containing 5% FBS and 0.25% Triton X-100 (Solarbio, Shanghai, China) was utilized to block the culture plates for 30 min. A primary antibody for rabbit anti-human PKM2 (MAB8733, Solarbio, Shanghai, China) diluted using blocking solution at a ratio of 1:100 was added. The cell cultures were placed at 4°C overnight followed by rinsing in Tris-buffered saline tween (TBST) in triplicate for 5 min. The cell cultures were then mixed with horseradish peroxidase-labeled goat anti-rabbit secondary antibody (MB005, Solarbio, Shanghai, China) diluted as indicated above. The samples were incubated at room temperature for 1 h and stained with 4', 6-diamidino-2-phenylindole (DAPI) for 10 min in the dark. After glycerin fixation, cells were observed and photographed under a fluorescence microscope. Every test was run in triplicate.
Western Blotting
Total cellular proteins were extracted from cells after 48 h with transfection. Protein concentrations were determined using BCA kits (Solarbio, Shanghai, China). The extracted proteins with loading buffer were boiled at 95°C for 10 min, with 30 μg of sample loaded in each well, 10% polyacrylamide gel was used to electrophoretic separation protein (SDS-PAGE) (Solarbio, Shanghai, China). Electrophoresis voltage was tuned 80 V to 120 V. Wet membrane [polyvinylidene fluoride (PVDF) membrane] transfer was conducted at a voltage of 100 mv for 45 to 70 min. Afterwards, the membranes were blocked at room temperature
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Cellular Physiology and Biochemistry for 1 h with 5% bovine serum albumin (BSA) (Solarbio, Shanghai, China) and then incubated with the following primary antibodies overnight at 4°C: rabbit anti-human PKM2 (MAB8733, 1: 1000, Solarbio, Shanghai, China), rabbit anti-human p53 (K000465P, 1:500, Solarbio, Shanghai, China), rabbit anti-human p53 (orb11203, 1:1000, Biorbyt Ltd., Hubei, China) and rabbit anti-human GAPDH (AG019, 1:1000, Solarbio, Shanghai, China). After incubation, the membranes were rinsed with TBST in triplicate for 5 min and then incubated with horseradish peroxidase-labeled goat anti-rabbit secondary antibody (MB005, Solarbio, Shanghai, China) (1:5000) at room temperature for 1 h. Then, the membranes were washed with TBST as previously described. Finally, the membranes were visualized with chemiluminescence. Bio-Rad Gel Doc EZ Imager (Bio-Rad, California, USA) was used for imaging, and target bands were analyzed for gray level analysis using ImageJ (Bio-Rad, California, USA).
Cell Counting Kit-8 (CCK-8) Assay
After 48-h transfection, the cell suspension was collected and inoculated in 96-well plates in 100 μL per well. The culture plates were placed in a 37°C incubator, and 3 wells were chosen randomly at 12, 24, 36, 48 and 72 h among three groups, separately. The cells in the selected wells were incubated with 10 μL of CCK-8 for an additional 2 h. A microplate reader (Bio-Rad, California, USA) was applied to detect the optical density (OD) of each well at a wavelength of 450 nm to generate a cell growth curve. Every test was performed in triplicate.
Flow Cytometry
Targeted cells were digested with 0.25% trypsin, and 1 × 10 6 cells were immobilized with 75% cold ethanol (Solarbio, Shanghai, China) for 12 h. Cells were incubated with 50 μg/mL RNA enzymes (Solarbio, Shanghai, China) at room temperature for 1 h followed by propidium iodide (PI) (Solarbio, Shanghai, China) staining for 30 min in the dark. Flow cytometry (Bio-Rad, California, USA) was used to analyze the cell cycle. Every test was performed in triplicate.
The harvested cells were counted, and 1 × 10 6 cells were mixed with Annexin V (Solarbio, Shanghai, China) labeled with fluorescein isothiocyanate (FITC) (Solarbio, Shanghai, China) and incubated at 37°C for 10 min. Following three PBS washes for 5 min, PI staining was conducted in the dark at room temperature for 15 min, and cell apoptosis was detected by flow cytometry. The apoptosis rate is presented as the percentage of early apoptotic cells among total cells. Every test was performed in triplicate.
Senescence-associated β-galactosidase Staining
After 48-h cell transfection, a senescence-associated β-galactosidase staining kit was used to assess cell senescence among all groups. The cell suspension was seeded in a 24-well plate, and the cell culture solution was removed followed by PBS washing. One milliliter of senescence-associated β-galactosidase staining fixing solution was used to fix for 15 min and was then aspirated. PBS solution was used for three washes (3 min/time) and also aspirated. Then, 1 mL of working solution was added to each well and incubated at 37°C overnight. The senescent cells appeared blue under an inverted microscope.
Statistical Analysis
The statistical analyses were conducted with SPSS 21.0 software (Shanghai Kabé Information Technology Co. Ltd. Shanghai, China). All measurement data were presented as ± s. Means of two samples were analyzed using t-tests. Differences between groups were analyzed using one-way analysis of variance (ANOVA) (with variance homogeneity performed previously). Pairwise comparisons among multiple sets of data were analyzed using the least significant difference (LSD) test. P < 0.05 was considered statistically significant. 147T and SW620 cell lines were selected for further use.
Results
LS-147T and SW620 Cells were Selected for Cell Transfection in Vitro
LS-147T and SW620 Cells were Successfully Infected by Lentivirus
The expression vector pGIPZ utilized in the study carried GFP; thus, fluorescence intensity could be observed to determine transfection efficiency. In these two cell lines, fluorescence microscopy revealed no fluorescence in the blank group, whereas greater than 95% GFP expression was noted in both the PKM2-shRNA and empty plasmid groups (Fig. 2) . These results indicated that the lentivirus infection rate was greater than 95% in CRC LS-147T and SW620 cells.
Comparisons of mRNA and Protein Expression of PKM2, p53 and p21 in CRC LS-147T Cells among the Blank, Empty Vector and PKM2-shRNA Groups
Immunofluorescence revealed PKM2 protein (marked with red fluorescence) expression in the cytoplasm and nucleus (blue fluorescence with DAPI staining) in LS-147T and SW620 cells, suggesting that PKM2 protein was widely distributed in the cytoplasm and nucleus of CRC LS-147T and SW620 cells (Fig. 3A) .
For qRT-PCR and Western blotting, PKM2 mRNA and protein expression in the PKM2-shRNA cells from both cell lines were significantly reduced, whereas p53 and p21 expression was increased compared with the empty plasmid and blank groups (all P < 0.05). In addition, no significant differences in PKM2, p53 and p21 mRNA and protein expression were noted between the empty plasmid and blank groups (P > 0.05) (Fig. 3B  and 3C ). These results suggested that PKM2-shRNA transfection suppressed PKM2 mRNA and protein expression in LS-147T and SW620 cells.
PKM2 Gene Silencing Inhibited CRC LS-147T and SW620 Cell Proliferation
Based on the CCK-8 assay, cells in the PKM2-shRNA group all exhibited markedly reduced OD values compared with the blank and empty plasmid groups at 12, 24, 36, 48 and 72 h (all P < 0.05). When compared with the blank group, no significant differences in OD values were noted for the empty plasmid group (P > 0.05). For the cells within the group, cell proliferation enhanced with time (Fig.  4) , indicating that PKM2 gene silencing evidently inhibited the proliferation of CRC LS-147T and SW620 cells.
PKM2 Gene Silencing Reduced CRC LS-147T and SW620 Cell Replication
Flow cytometry proved that in these two cell lines, the number of cells in the G 1 phase of the PKM2-shRNA group distinctively increased in contrast with the blank group and empty plasmid group (all P < 0.05). Simultaneously, a reduced cell ratio in the G 2 /M phase was noted in the PKM2-shRNA group compared with the blank and empty plasmid groups (all P < 0.05). Moreover, no significant differences were noted in each phase between the blank group and empty plasmid groups (all P > 0.05) ( Table 2 , Fig. 5 ). When PKM2 was silenced, CRC LS-147T and SW620 cell cycle progression was suppressed, and the G 1 phase was inhibited, reducing cell replication. 
PKM2 Gene Silencing promoted CRC LS-147T and SW620 Cell apoptosis
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Cellular Physiology and Biochemistry (6.73 ± 0.68)%, and the rate in the empty plasmid group was (6.95 ± 0.62)%. The PKM2-shRNA group exhibited a relatively increased apoptosis rate of (23.48 ± 0.65)%. In SW620 cells, the apoptosis rate in the blank group was (4.43± 0.41)%, and the rate in the empty plasmid group was (4.65± 0.52)%. The PKM2-shRNA group exhibited an increased apoptosis rate of (20.63 ± 1.07)%. In general, the PKM2-shRNA group exhibited a significantly higher apoptosis rate compared with the other two groups (all P < 0.05), and no obvious differences were noted for the blank and empty plasmid groups (P > Fig. 4 . CRC LS-147T and SW620 cell proliferation based on the CCK-8 assay among the blank, empty vector and PKM2-shRNA groups. Note: *, P < 0.05 compared with empty plasmid and blank groups, n = 3; PK, pyruvate kinase; CRC, colorectal cancer; CCK, cell counting kit-8. (Fig. 6) . The above results suggested that PKM2 gene silencing markedly promotes CRC LS-147T and SW620 cell apoptosis.
PKM2 Gene Silencing Accelerated CRC LS-147T and SW620 Cell Senescence
As shown in Fig. 7 , the blue granules were expressed as β-galactosidase, and the number of blue cells is indicative of the number of senescent cells. After PKM2 gene silencing, increased senescence-associated β-galactosidase activity was observed in the PKM2-shRNA group compared with the blank and empty plasmid groups. In LS-147T cells, the activity of the senescence marker β-galactosidase was (0.52 ± 0.09) mIU/mL and (0.58 ± 0.07) mIU/ mL in the blank and empty plasmid groups, respectively. The activity in the PKM2-shRNA group was (2.17 ± 0.22) mIU/mL. In SW620 cells, the activity of the senescence marker β-galactosidase was (0.47 ± 0.05) mIU/mL and (0.43 ±0.05) mIU/mL in the blank and empty plasmid groups, respectively. The value in the PKM2-shRNA group was (1.74± 0.23) mIU/ mL, which was significantly increased. However, no significant difference was noted between the blank and empty plasmid groups.
Discussion
CRC is widely viewed as one of the most common malignant tumors. Greater than one million people are diagnosed with CRC, and approximately half of them die from the malignancy each year. In addition, the CRC incidence is increasing yearly [20] . Therefore, available CRC markers are being pursued to diagnose tumor progression and discover effective therapeutic targets.
PKM2-shRNA transfection inhibits PKM2 mRNA and protein expression in CRC LS-147T and SW620 cells in this paper. RNA is typically induced by double-stranded RNA (dsRNA), and it can suppress the expression of target genes with high specificity [21] . RNA is a classical mechanism of gene expression regulation, it temporarily reduces active gene products via a process which known as gene knockdown, and it is different from gene knockout procedures [22] . Similarly, sequence-specific transcription induced by double-stranded RNA targeting PKM2 degrades mRNA homogenous to the PKM2 gene.
According to our findings, CRC LS-147T and SW620 cell cycle progression was suppressed, and cells were inhibited in G 1 phase when PKM2 gene silencing occurred, leading to reduced cell replication capacity. However, in addition to the fact that PKM2 is a crucial regulator in glycolysis and provides energy for tumor cells under conditions of transformation between highly active tetramer and inactive dimer, PKM2 also plays important roles in regulating the cell cycle and promoting cell proliferation [23] . We demonstrated that DNA proliferation was inhibited in the G 1 phase in CRC LS-147T and SW620 cells, and cells in the G 2 /M phase were obviously reduced due to insufficient levels of synthetic substrates required for cancer cell proliferation when the PKM2 gene was silenced, further inhibiting cancer cell replication.
PKM2 gene silencing suppresses CRC LS-147T and SW620 cell proliferation and accelerates apoptosis. It should be noted that mitochondrial respiration persists in the vast majority of tumors and remains a major source for ATP generation. In addition, a profoundly elevated flux of glucose intake is observed for lactate fermentation to produce energy via a process called the "Warburg Effect", which increases glucose consumption compared with normal cells and leads to tumor cell immortalization [24, 25] . Previous studies also confirmed that aerobic glycolysis under PKM2 regulation causes cancer cell proliferation in a hypoxic tumor environment. In addition, the "Warburg Effect" in tumor cells is constantly enhanced by the conversion of dimers and tetramers of PKM2 to provide energy for infinite proliferation of tumor cells [8, 26, 27] . In addition, mitochondria, which are recognized as an important organelle for ATP generation and energy release in animal cells, are directly associated with apoptosis, and mitochondrial membrane potential (MMP) is generated due to the asymmetric distribution of proteins on the concentration gradient across the inner mitochondrial membrane in respiratory oxidation processes. In contrast, normal MMP is a prerequisite for the cellular capacity to generate ATP by oxidative phosphorylation [28] . Moreover, the structure of mitochondrial permeability transition pore (MPT), which is related to apoptosis and necrotic cell death in mitochondrial adventitia, is damaged when PKM2 expression is suppressed, hindering the facilitation of a mass exchange between the inner and outer membrane of mitochondria and resulting in rapid loss of MMP and tumor cell apoptosis [29] .
In conclusion, transfection of PKM2-shRNA can effectively reduce PKM2 expression in CRC LS-147T and SW620 cells, and PKM2 gene silencing impedes LS-147T and SW620 cell proliferation and the cell cycle and promotes cell apoptosis. Therefore, PKM2 gene silencing is a promising and effective CRC therapeutic approach; however, further investigations about the specific mechanisms are warranted.
